Phosphorus is one of the most important nutrients for soybeans, but it presents a complex dynamic in the soil and can become unavailable. The split and localized application of this nutrient can be an effective approach to increase its availability. The aim of this study was to evaluate the effect of a split phosphorus dose applied to the soil and the seed coating with monobasic sodium phosphate on nodulation, growth and yield components of soybean cultivar BRS Valiosa RR. The experiment was conducted in a greenhouse in a completely randomized design in a 2x5x3 factorial arrangement, i.e., coating or not the seeds; five doses of phosphorus applied to the soil; and three times of splitting phosphate fertilizer. Phosphorus content in the index leaf (IL), dry matter of shoots, roots and nodules, yield components, and plant height were evaluated. There was an increase in nodulation and growth of plants with increased levels of phosphorus applied to the soil. In smaller doses, the seed coating and the splitting of phosphorus fertilizer increased nodulation, growth and yield components of plants. Thus, the splitting of the phosphorus dose, combined with seed coating, is indicated for increasing the yield components of soybean plants. Index terms: Glycine max, phosphorus availability, seed treatment. Nodulação, Crescimento e Rendimento de Plantas de Soja em Resposta ao Recobrimento das Sementes e Parcelamento da Adubação Fosfatada RESUMO -O fósforo é um dos nutrientes mais importantes para a soja, porém apresenta uma dinâmica complexa no solo e pode tornar-se indisponível. A aplicação parcelada e localizada desse nutriente pode ser tática eficiente para aumentar sua disponibilidade. Assim, objetivou-se avaliar o efeito do parcelamento da dose de P aplicada ao solo e do recobrimento das sementes com fosfato de sódio monobásico na nodulação, no crescimento e nos componentes de rendimento de plantas de soja cultivar BRS Valiosa RR. O experimento foi conduzido em casa de vegetação em delineamento inteiramente casualizado, em esquema fatorial 2x5x3, ou seja, recobrimento ou não das sementes; cinco doses de P aplicados ao solo; e três épocas de parcelamento da adubação fosfatada. As seguintes variáveis resposta foram avaliadas: teor de P na folha índice, matéria seca da parte aérea, da raiz e dos nódulos, componentes de rendimento e altura de plantas. Houve incremento na nodulação e no crescimento das plantas com o aumento das doses de fósforo aplicado no solo. Nas menores doses, o recobrimento das sementes e o parcelamento da adubação fosfatada aumentaram a nodulação, o crescimento e os componentes do rendimento das plantas. Assim, o parcelamento da dose de P, aliado ao recobrimento das sementes, é indicado para aumentar os componentes de produtividade das plantas de soja.
Introduction
Phosphorus (P) is one of the most important nutrients for soybeans crops, being absorbed from 0.2 to 0.4 kg.ha -1 . day -1 among phenological stages V4 and R6. This nutrient participates in many metabolic processes, such as in energy transfer (adenosine triphosphate (ATP)), photosynthesis, respiration, synthesis of nucleic acids and glucose, membrane synthesis and stability (phospholipids), activation and deactivation of enzymes (Vance et al., 2003; Thavarajah et al., 2010; Rezende et al., 2005) .
In Brazilian soils, total content of phosphorus ranges between 200 and 3.000 mg. kg -1 . However, less than 0.1% of this total is found available in the soil solution. Some Latosols of the cerrado can adsorb more than 2 g.dm -3 of phosphorus, a figure that equivalent to 4,000 kg.ha -1 of phosphorus, built from 0 to 20 cm deep. One year after the application of single superphosphate (SSP) in four soils, 58% of phosphorus applied were available, 38% after two years and 20% after three years (Ker et al., 1996) . Phosphorus becomes unavailable due to the rapid formation of insoluble complexes with cations, especially Al and Fe in acidic conditions (Shafqat and Pierzynski, 2013; Rolim Neto et al., 2004) .
To reduce the portion of phosphorus dose applied that is adsorbed, one option is to increase the concentration of the nutrient in a given volume of soil by means of its location, so that the total volume of fertilized soil, in contact with phosphorus applied, is reduced (Büll et al., 2004) . However, the location can reduce the root system growth and cause deficiency of elements such as Fe, Cu and N, which have an absorption that is dependent on the availability of phosphorus (Aquino et al., 2011) .
With the application of phosphate fertilizers in a localized way, there is greater initial availability of phosphorus for the seedlings in development, by placing it in a position available for the still reduced root system of these seedlings, besides reducing phosphorus retention to soil colloids (Lopes, 2001) .
The localized application of phosphate fertilizers can be done by coating soybean seeds with phosphorus, which can contribute to increased productivity, depending on the phosphorus sources and doses used. Thus, the use of soybean seeds coated with phosphorus, in the form of phytic acid (known as inositol hexakisphosphate (IP6), inositol polyphosphate, or phytate when in salt form) (21 g.kg -1 of seeds) increased soybean yield in 14% in the total mass of grains (Peske et al., 2009) . Besides, Soares et al. (2014) have concluded that soybean seed coating with monosodium phosphate (also known as anhydrous monobasic sodium phosphate and sodium dihydrogen phosphate) (MSP)) (7.0 g.kg -1 of seeds) provided an increase in nodulation and plants growth for the soil condition with less phosphorus available.
In addition to the localized application, the split application of phosphorus can help reduce phosphorus fixation to the soil. For this, the supply of a sufficient quantity of phosphorus in seeding is required to ensure an adequate initial development, especially of the root system (Souza et al., 2007) . The remainder of the dose might be applied later, in a time that is compatible with the root system development, which could reduce the amount of phosphorus set by the soil. The split application of phosphorus, by decreasing the contact time of the phosphate source with the soil, can contribute to greater recovery of the phosphorus applied. Thus, in several studies in which split application of phosphorus efficiency is evaluated, it is suggested that it provides better agronomic results (Oliveira et al., 2003; Resende et al., 2006a; 2006b; Barbosa Filho et al., 2005) .
In this sense, the application of phosphorus in a localized way through coating soybean seeds, combined with the split application of phosphorus at the dose applied to the soil, can contribute to a more efficient use of this nutrient by the plant, coupled with the lower retention to the soil and finally contributing to achieving higher yields. Thus, the objective of this study was to evaluate the effect of split application of phosphorus doses in the soil and coating the seeds with phosphorus in nodulation, growth and yield components of soybean plants.
Material and Methods
The experiment was conducted in a greenhouse at the Federal University of Viçosa (UFV; Universidade Federal de Viçosa) in the city of Viçosa, state of Minas Gerais, Brazil. Soybean cultivar BRS Valiosa RR was used, which presents a specified growth habit and maturity group 8.1 with full cycle ranging from 115 to 140 days. It is indicated for Brazilian states of Goiás, the Federal District, Mato Grosso, Minas Gerais and Rondônia.
Before sowing, the seeds were treated in the following sequence: (i) With fungicides carbendazim and thiram at a dose of 200 mL.100 kg -1 of seeds; (ii) Seeds coating with monosodium phosphate (salt p.a.) diluted in deionized water at the doses of 0.0 (C1) and 7.0 (C2) g.kg -1 of seeds; (iii) After seed drying, Microxisto® peat inoculant was applied at a dose of 3.0 million cells of bacteria Bradyrhizobium japonicum per seed by means of a solution with 10% sugar water, in order to improve the adhesion of the inoculant to the seeds.
After the treatment, seeds were sown in plastic pots containing 3.0 dm 3 of soil classified as red-yellow Latosol with the following characteristics: pH (H 2 O), 5.67; P (Mehlich), 3.2 mg.dm -3 ; K, 54 mg.dm -3 ; Ca, Mg, Al, H+Al and CEC (cation-exchange capacity) (T), 2.2; 0.7; 0.5; 9.41 and 12.45 cmolc.dm -3 , respectively; V (base saturation), 24%; OM (organic matter), 5.1 dag.kg -1 ; P-rem, 22.6 mg.L -1 . Clayey textural class: clay, 49 dag.kg -1 ; silt, 10 dag.kg -1 ; fine sand, 19 dag.kg -1 ; coarse sand, 22 dag.kg -1 .
The experiment was established in the design in random blocks with four replications in the 2x5x3 factorial arrangement, being without coating (C1) or coating the seeds with 0.7 g.hg -1 of monosodium phosphate (C2); five doses of phosphorus applied to the soil (50, 100, 200, 300 and 400 mg.kg -1 of soil); and three times of split application of phosphorus: Time 1 (T1) -100% of the total dose at sowing; Time 2 (T2) -50% of the total dose at sowing plus 50% in coating in stage V3 (second trifoliate leaf completely developed); and Time 3 (T3) -50% of the total dose at sowing plus 25% in coating in stage V3 plus 25% in stage R1 (flowering beginning). Triple superphosphate (TSP) was used as a source of phosphorus. Topdressing was performed via two 0.5-cm deep grooves located at five centimeters from the base of the plant.
Fertilization with potassium and micronutrients was performed at the sowing operation, based on soil analysis. Fertilization with sulfur and micronutrients was held in coating, 15 days after seedling emergence, and sulfur and micronutrients were applied via foliar feeding and fertigation on the soil surface, respectively.
Four seeds were sown in each pot, of which the two most vigorous plants were selected. Irrigation was performed daily with deionized water.
Evaluations were performed at phenological stage R2, when plants were in full bloom; in R3, at the start of pod formation; and in R8, when 95% of the pods were ripe, and consisted of the following determinations:
Phosphorus content in the index leaf (IL) -In the R2 stage, an index leaf (IL) was collected for the third fully developed trifoliate of the plant apex to the base, per plant, in each treatment. Samples of whole leaves were rinsed with deionized water, dried in an oven with forced air circulation at a temperature of 60 °C until constant mass. Then the samples were crushed. Afterwards, phosphorus content in the leaf via nitric-perchloric digestion and quantification by mass spectrometry were determined (Malavolta et al., 1997) .
In stage R3, the following evaluations were performed: Plants shoots and roots dry matters -The plants of each treatment were placed in paper bags and kept in a thermal oven with forced air circulation set at temperature 65 ºC for 72 hours. After cooling in a desiccator, each replication was weighed on a precision scale of 0.001 g and the results were expressed in grams per plant.
Nodules dry matter -After the removal of the nodules from the root system, they were stored in paper bags and kept in a thermal oven with forced air circulation set at temperature 65 ºC for 72 hours. After cooling in a desiccator, each replication was weighed on a precision scale of 0.001 g and the results were expressed in grams per plant.
In reproductive stage R8, the following evaluations were performed:
Yield components -Number of pods per plant, number of seeds per plant and the total mass of seeds per plant were determined.
Plant height -Plant height of each plant was determined with a tape measure. The result was expressed as cm per plant.
Data analysis
The data were subjected to analysis of variance and the means for the doses used in the coating were compared using the F-test (p < 0.05); the means for the split application of phosphorus times were compared by the Tukey's test (p < 0.05). To compare the phosphorus doses in the soil, regression analysis was performed. The regression coefficients were tested by the t-test (p < 0.05).
Results and Discussion
There was no significant interaction among coating treatments of seeds, phosphorus dose applied to the soil and application time. However, even in the absence of significance, all the triple interactions were unfolded in order to evaluate the individual effect of a certain treatment on the basis of the levels of the other treatments.
There was a linear increase in plant height and phosphorus content in leaves with increasing phosphorus levels in the soil (Figure 1 ). In general, the lowest phosphorus levels in leaves were obtained for the treatments in which the doses of phosphorus were applied in full at sowing (TI), together or not with seeds coating, with an average increase of 0.0003 dag.kg -1 of phosphorus in the seeds for each mg.kg -1 of phosphorus in the soil (Figure 1 ).
In general, comparing the split application of phosphorus and seeds coating in each dose of phosphorus in the soil, there was no difference in plant height (Table 1) . Regarding phosphorus content in the index leaf (IL) ( Table 2) , only in the higher doses of phosphorus in the soil an effect of application time and coating was observed. At the highest dose of phosphorus (400 mg.kg -1 ), the application of 50% of the dose at sowing and 50% in stage V3 provided a higher accumulation of phosphorus in the index leaf (IL), both from the seeds without coating, as from the seeds coated with phosphorus. In the lowest doses of phosphorus in the soil, foliar content of this nutrient was below the concentration range considered ideal, which is from 0.22 to 0.34 mg.dag -1 of phosphorus (Broch and Ranno, 2008) . Therefore, phosphorus level in the soil for these doses was insufficient for absorption and proper translocation of the nutrient by the plant to occur. in the soil, the seeds coating (C1: without; C2: coating with 7.0 g.kg -1 of monosodium phosphate) and split application of phosphorus times (T1: 100% of the total dose at sowing; T2: 50% of the total dose at sowing plus 50% in coating in stage V3; T3: 50% of the total dose at sowing plus 25% in coating in stage V3 plus 25% in stage C1). The results obtained in this study are in agreement with those obtained by Trigo et al. (1997) who, when comparing different phosphorus levels in the seeds and phosphorus doses in the soil, have found that the higher the phosphorus content in the seeds and in the soil, the taller the soybean plants.
In relation to the dose split application of phosphorus and seeds coating with phosphorus, these had no effect on plant height. The split application of phosphorus has not always presented good results, as reported by Aquino et al. (2011) , who found that fertilizer split application has not increased phosphorus absorption and cotton seed yield in dryland or flooded farming systems.
Increased levels of phosphorus in the soil and seed have caused increases in the amount of phosphorus in shoots, probably because they enabled greater translocation. An adequate supply of phosphorus promotes root growth and increases the amount of nutrient absorbed (Souza et al., 2007; Nico et al., 2012) .
In Figure 1 , a quadratic trend is observed for the data of shoots dry matter (SDM), roots dry matter (RDM) and nodules dry matter (NDM), due to increased levels of phosphorus in the soil. Maximum dry matter accumulation in shoots, roots and nodules was obtained with the split application of phosphorus in two seasons at doses above 335 mg.kg -1 of soil. Unlike the dry matter of shoots and roots, greater dry matter of nodules was obtained for seeds receiving coating.
There was an effect of split application of phosphorus in SDM only in smaller doses of phosphorus, and the highest values were obtained for the application of 50% of the dose at sowing and 50% in V3 (T2) in the uncoated treatment (Table 3) . Similar results were obtained for RDM (Table 4 ) and for NDM (Table 5) , and in doses of 50, 100 and 200 mg.kg -1 , the highest values were obtained for the T2 split application of phosphorus, both for seeds receiving coating and for those which did not receive it. According to Meis et al. (2003) , an increase of phosphorus in the seeds was responsible for the significant increase in dry matter of the shoots of soybean plants at 21 days after emergence due to the increased translocation of nutrients to the shoots, which contributed to an increased formation of biomass. In addition, phosphorus promotes rapid formation and growth of roots, resulting in their greater development. This is confirmed by other authors, such as Lopes (2001) , who has found that seeds coating with phosphorus puts it in position available to the root system still reduced in the seedlings in early growth.
Phosphorus is very important in biological nitrogen fixation, as the reduction of atmospheric N 2 into ammonia, which occurs in bacteroids, and the assimilation of ammonium by the plant are energy consuming processes, dependent on the availability of ATP. Therefore, phosphorus acts in the growth and operation of nodules (Almeida et al., 2006) . In this sense, phosphorus availability in the soil accounted for the increase and change in the shape of nodules in Trifolium arvense, as well it increased the efficiency to fix nitrogen (N 2 ) of this plant (Chmelikova and Hejcman, 2012) , which is in accordance with the data obtained in this study for NDM.
In the lowest dose of phosphorus (50 mg. kg -1 ) there was a higher formation of nodules in the plants from seeds receiving coating (Table 5) . Thus, the greater nodulation of the plants may be related to the fact of greater increase of phosphorus in seeds promoting faster and greater root system development, resulting in increased nodulation (Teixeira et al., 1999) . This was also observed in other studies (Pacheco et al., 2012) . Split application of phosphorus T1: 100% of the total dose at sowing; T2: 50% of the total dose at sowing plus 50% in coating in stage V3; T3: 50% of the total dose at sowing plus 25% in coating in stage V3 plus 25% in stage C1. Seed coating: C1 -without coating and C2 -with coating.
Within each phosphorus dose, the means followed by the same letter, lowercase in the row and uppercase in the column, do not differ by the F-test (P < 0.05) and Tukey's test (P < 0.05), respectively.
There was also an increase in the number of pods (NP) (Figure 1 ) and in the number of seeds per plant (NSP) (Figure 2 ) as the phosphorus dose in the soil was increased. In general, higher NP and NSP were observed for both the seeds that received and those that did not receive coating in treatment T2 (50% of the dose at sowing and 50% in stage V3) (Table 6) . Similar results were obtained by Peske et al. (2009) , who have found an increase in the number of soybean plant seeds by increasing phosphorus in the soil and seeds coating by using phytic acid as phosphorus source. the phosphorus doses in the soil, the seeds coating (C1: without; C2: coating with 7.0 g.kg -1 of monosodium phosphate) and split application of phosphorus times (T1: 100% of the total dose at sowing; T2: 50% of the total dose at sowing plus 50% in coating in stage V3; T3: 50% of the total dose at sowing plus 25% in coating in stage V3 plus 25% in stage C1). Generally, under conditions of low availability of phosphorus, there is a reduction in the number of pods per plant and the number of seeds per pod and seed mass is not reduced because plants respond to phosphorus deficiency by adaptations that maximize the likelihood of producing viable seeds (Grant et al., 2001) .
Therefore, in the present study, split application of phosphorus was effective in increasing the availability of phosphorus for plants, especially in smaller doses, which contributed to the increased formation of pods and greater number of seeds per plant, as seen in Figures 1 and 2 and in Tables 6 and 7. A quadratic trend was observed for the total mass of seeds (STDM) data due to increasing phosphorus levels in the soil (Figure 2) , and the largest maximum value (22.1 g.plant -1 ) was obtained from the seeds receiving coating (C2) and the phosphorus dose in the soil was split in two times (T2). There was no effect of coating and the split application of phosphorus on higher doses of phosphorus in the soil (300 and 400 mg.kg -1 ), while in other doses there was a trend for larger total mass of seeds in the treatments with split application of phosphorus (T2 and T3) ( Table 8) . As for the seeds coating, the highest values were obtained for the seeds receiving coating when smaller doses of phosphorus were applied in the soil (50 and 100 mg.kg -1 ). The results obtained in this study are consistent with those obtained by Peske et al. (2009) , who observed an increase in the total mass of soybean grain by 14% with seed coating with phosphorus.
An adequate supply of phosphorus promotes root growth and increases the amount of nutrient absorbed (Souza et al., 2007; Dordas, 2009; Dorsch et al., 2003; Rose et al., 2010) . Thus, in the soil condition with lower phosphorus availability, coating the seeds with phosphorous provided an increase in nodulation and growth of soybean plants (Tables 3, 4 and 5), besides higher seed mass per plant (Table 8) . Split application of phosphorus T1: 100% of the total dose at sowing; T2: 50% of the total dose at sowing plus 50% in coating in stage V3; T3: 50% of the total dose at sowing plus 25% in coating in stage V3 plus 25% in stage C1. Seed coating: C1 -without coating and C2 -with coating.
Alternatives to increase yield and the absorption of phosphate fertilizers (location, granulation and the use of sources of lower solubility) have greater effects on soil conditions with a higher phosphorus capacity factor and low availability of phosphorus (Horowitz and Meurer, 2003; Büll et al., 2004; Prochnow et al., 2006) . In a study on the performance of soybean seeds coated with phosphorus at different doses of phosphorus, it was found that coating soybean seeds with phosphorus increased yield by 14% with the use of 21 g.kg -1 of seeds coated with phytic acid (Peske et al., 2009 ). In addition, yield increase in plants from seeds with high concentrations of phosphorus, both endogenously and exogenously, would be attributed to the greater growth of roots and shoots and favoring nodulation (Teixeira et al., 1999; Lopes, 2001; Rose et al., 2010) .
Coating seeds with phosphorus and its split application of phosphorus during the crop development stage may be feasible in order to minimize the possible problems related to the nutrient, especially in relation to its adsorption in the soils cultivated with soybeans in Brazil. Thus, higher yields for the same dose of phosphorus or smaller doses of phosphorus for currently obtained yields can be achieved.
Conclusions
Increasing the dose of phosphorus in the soil is related to increased nodulation, growth and yield components of soybean plants.
Coating seeds with monosodium phosphate at a dose of 7.0 g.kg -1 of seeds, along with split application of phosphorus, being 50% of the total dose in sowing plus 50% in coating in stage V3, significantly increases nodulation, plants growth and total seed mass per plant, especially in conditions of low doses of phosphorus in the soil.
Split application of phosphorus applied to the soil, combined with seeds coating in order to supply the nutrient in a localized way and readily available to the plant is indicated to increase soybean yield components.
